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The pressure-length relation in normal and ischemic seg 
ments was analyzed with use of left ventriculography and 
simultaneous micromanometry during supine exercise in 9 
normal subjects and 12 patients with effort angina. Seg- 
mental analysis was done in the right anterior oblique 
projection using a long axis with three perpendicular, 
equidistant chords. The apical segment in the 12 patients 
with coronary artery disease represented the ischemic 
region. In 5 of the 12 patients with coronary artery disease, 
the basal segment that showed no exercise-induced deteri- 
oration in wall motion was used as an intrapatient control 
(nonischemic segment). 
In the 12 patients with coronary artery disease, left 
ventricular ejection fraction decreased (from 65% to SO%, 
p < O.OOl), end-diastolic pressure increased (from 24 to 40 
mm Hg, p < 0.001) and the lowest diastolic filling pressure 
increased (from 9 to 22 mm Hg, p < 0.001) during 
exercise-induced ischemia. In normal subjects, ejection 
fraction increased (from 64% to 70%, p < 0.01) with 
unchanged end-diastolic pressure, whereas the lowest dias- 
tolic filling pressure decreased during exercise (from 9 to 3 
mm Hg, p < 0.01). Global left ventricular diastolic pres- 
sure-volume curves showed an upward and rightward shift 
during exercise-induced ischemia. Regional pressure-length 
curves of both nonischemic (n = 5) and ischemic (n = 12) 
segments were shifted upward in early diastole, but moved 
to a higher portion of the rest pressure-length curve without 
an upward shift during mid- to end-diastole. In contrast, 
the apical segment in normal subjects showed a downward 
shift during exercise. Regional stiffness increased during 
exercise-induced ischemia in the ischemic but not in the 
nonischemic segment. 
In conclusion, the global left ventricular diastolic pres- 
sure-volume relation shows an upward and rightward shift 
during exercise-induced ischemia, whereas the regional 
pressure-length curves of the nonischemic and ischemic 
segments show an upward shift only during early, but 
not during late, diastole. This early diastolic upward 
shift of the regional pressure-length curve is more pro- 
nounced in the nonischemic segment. Regional stiffness 
is increased only in the ischemic segment. Thus, there 
is a time-dependent upward shift of the regional pres- 
sure-length curve during exercise-induced ischemia that 
is probably due to delayed relaxation in the ischemic 
segment and increased viscous forces in the nonischemic 
segment. 
(J Am Co11 Cardiol1989;13:1062-70) 
Abnormalities of left ventricular diastolic function, including 
incomplete relaxation and decreased left ventricular compli- 
ance, have been identified during ischemia in patients with 
coronary artery disease (14). These abnormalities have 
been associated with an upward shift of the left ventricular 
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diastolic pressure-volume curve in patients with acute myo- 
cardial ischemia. Recent reports (5-7) demonstrated that, 
during pacing-induced ischemia, the pressure-length relation 
of ischemic regions was shifted upward in both clinical 
and experimental studies, suggesting increased myocardial 
stiffness. Most episodes of ischemia in patients with coro- 
nary artery disease are provoked by physical exercise. 
However, little is known about regional diastolic function of 
the left ventricle during exercise-induced ischemia. In the 
present study, the effect of dynamic exercise on left ventric- 
ular regional diastolic function was evaluated in normal 
subjects and patients with classic exercise-induced angina 
pectoris. 
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Table 1. Patient Groups and Clinical Features 
Control Group 
(n = 9) 
Ischemia Group 
(n = 12) 
Mean age (yr) and 
range 
No. of epicardial coronary 
arteries stenosed 
1 
1 
49 
(35 to 58) 
54 
(39 to 64) 
respiration-related pressure changes were noted. A Valsalva 
maneuver during cineangiography was avoided by patient 
instruction, observation of the diaphragm and right atria1 
pressure monitoring. A metal sphere of known diameter was 
filmed at the position of the heart for calibration purposes at 
the end of the procedure. 
Small myocardial infarction 
Duration of supine exercise (min) 
Exercise work load (W) 
Angina during exercise (no.) 
0 
0 
0 
0 
3.1 
91 
0 
0 
II 
4 
3.8 
I04 
8 
Methods 
Study patients (Table 1). A total of 21 patients (20 men 
and 1 woman) were evaluated by right and left heart cathe- 
terization and biplane cineangiography at rest and during 
supine bicycle exercise. The control group consisted of nine 
subjects who had no or only minimal cardiovascular disease 
(five had no abnormalities, three had minimal coronary 
artery disease and one had mitral valve prolapse without 
mitral regurgitation). The group with exercise-induced isch- 
emia consisted of 12 patients who had significant coronary 
artery disease (>50% diameter narrowing) with two or three 
vessel disease. All patients in the ischemia group had a 
normal ejection fraction and no or minimal regional hypoki- 
nesia in the rest ventriculogram and developed new exercise- 
induced regional wall motion abnormalities. All patients 
gave informed consent, and no complications occurred in 
any patient. 
Catheterization and cineangiography. Premeditation con- 
sisted of 10 mg of chlordiazepoxide given orally 1 h before 
catheterization. Cardiovascular medications were withheld 
for 12 to 24 h before the study. Left ventricular pressure was 
measured with an 8F Millar pigtail angiographic microma- 
nometer-catheter introduced retrogradely from the right 
femoral artery; right atria1 pressure was measured with a 6F 
pacing catheter introduced through the right femoral vein. 
The pressures were recorded at a paper speed of 250 mm/s 
(Electronics for Medicine, VR-12) together with the first 
derivative of pressure (dP/dt). Before both rest and exercise 
recordings, the micromanometer was calibrated by superim- 
posing the high fidelity pressure tracing on the fluid-filled 
pressure tracing. 
Biplane left ventriculography was performed in the 30 
right and 60” left anterior oblique projections at a rate of 50 
frames/s (Siemens Angioscope). Each angiographic frame 
had a digital time that corresponded to the time marks on the 
pressure recordings. The patient held his breath in mid- 
inspiration during the rest angiogram. During exercise, 
angiographic beats were selected during mid-inspiration if 
Exercise protocol. All patients underwent precatheteriza- 
tion upright bicycle exercise testing to determine exercise 
tolerance. At catheterization, exercise was performed in the 
supine position. Pressures were recorded before and after 
the patient’s feet were attached to the pedals of the bicycle. 
All rest data were recorded during the first angiogram with 
the feet in this elevated position. This accounts for the 
slightly increased filling pressure at rest. After the rest 
angiogram and a subsequent 12 to 15 min pause to allow left 
ventricular pressure to return to the control value, supine 
bicycle exercise was begun at a low level. Patients exercised 
at progressively higher work loads every 2 min until either 
angina or other limiting symptoms occurred or the predicted 
submaximal heart rate was achieved. At the point of peak 
exercise, pressures were again recorded and simultaneous 
cineangiography was completed. Coronary arteriography 
was performed at the end of the exercise test with use of the 
Judkins technique. 
Data analysis. All beats analyzed were sinus beats, and 
postextrasystolic beats were excluded. Pressure tracings 
were digitized for an entire cardiac cycle with use of an 
electronic digitizer (Numonics Corporation) interfaced with 
a computer (PDP 1 l/34). Pressure and dP/dt values were 
plotted every 2.5 to 5 ms depending on the heart rate. The 
time constant of left ventricular pressure decay was calcu- 
lated as the negative reciprocal of the slope relating left 
ventricular pressure to dP/dt coordinates during the isovo- 
lumic relaxation period (8.9). To study the completeness of 
relaxation, we used the technique of Weisfeldt et al. (lo), 
which assumes relaxation to be 97% complete at 3.5 time 
constants after peak negative dP/dt. The number of time 
constants elapsed was calculated at the time of the lowest 
diastolic pressure. Frame by frame analysis of the left 
ventricular angiogram was performed for one cardiac cycle 
with use of the area-length method (11). 
End-diastole was defined as the beginning of the rapid 
increase in left ventricular pressure immediately after the 
onset of the QRS complex. End-systole was defined as the 
angiographically determined point of aortic valve closure. 
The pressure when unopacified blood first entered the left 
ventricle is not the true driving pressure, but was used as an 
index of the left atria1 pressure responsible for mitral valve 
opening (12,13). Mid-diastole was defined as the time point 
half way between the lowest diastolic pressure and end- 
diastole. Pressure-volume and pressure-segment length co- 
ordinates were determined in each patient at rest and during 
exercise on a frame by frame basis that included data at the 
lowest diastolic pressure, at mid-diastole and at end- 
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Table 2. Global Ventricular Function During Exercise 
Control Group (n = 9) Ischemia Group (n = 12) 
Rest Ex Rest Ex 
HR (beatslmin) 
LVSP (mm Hg) 
LVEDP (mm Hg) 
P, (mm Hg) 
RAP (mm Hg) 
EDVI (mUm2) 
ESVI (ml/m’) 
WI (mVm2) 
EF (%) 
T (ms) 
Ts at P, 
69+ 17 
134 f 23 
19 f 5 
924 
823 
92 f 8 
33 + 7 
59 + 4 
6425 
47 t IO 
2.6 t 0.4 
118 t 19$ 
154 ? 22* 
19 * 5 
3 + 2t 
IO + 2 
96 t 14 
29 2 7* 
67 ? 8t 
70 ? 4t 
21 + 7$ 
4.0 + 0.6$ 
65 + I1 
149 t 17 
24 t 6 
924 
IO rt 2 
102 t 13 
36 ? 6 
67 + 10 
65 t 4 
51 ? 8 
2.7 f 0.8 
116 f lit 
158 * 22 
40 + 6$1 
22 + 7$ll 
12 t 3 
Ill + 1011 
55 + 7$1[ 
56 2 lO$ 
50 * 7fll 
35 ‘- 7+n 
2.3 2 0.6*ll 
*p < 0.05 rest versus exercise; tp < 0.01 rest versus exercise; fp < 0.001 rest versus exercise: 8p < 0.05 control 
versus ischemiagroup; 11 p < 0.01 control versus ischemia group: Yip < 0.001 control versus ischemia group. Results 
are presented as mean f standard deviation. EDVI = left ventricular end-diastolic volume index; EF = ejection 
fraction; ESVI = left ventricular end-systolic volume index; Ex = exercise; HR = heart rate; LVEDP = left 
ventricular end-diastolic pressure; LVSP = left ventricular systolic pressure: P, = the lowest diastolic pressure; 
RAP = right atrial pressure; SW = stroke volume index; T = the time constant; Ts at P, = number of time constants 
elapsed at the lowest diastolic pressure, 
diastole. These three pressure-volume and pressure-segment 
length coordinates were used for illustrative purposes and 
for statistical comparisons of the control group and patients 
with exercise-induced ischemia. 
End-diastolic volume, end-systolic volume, stroke volume 
and ejection fraction were calculated according to standard 
formulas. Volumes were normalized for body surface area. 
Instantaneous diastolic filling rates were calculated every 20 
ms after mitral valve opening. To minimize errors due to 
random noise in the left ventricular volume-time curve, raw 
data were filtered with the fifth grade moving average 
(13,14). Diastolic filling rate was then calculated by a third 
degree polynominal function. The highest value occurring 
early in diastole was termed peak filling rate. 
Regional function analysis. Regional wall motion was 
analyzed in the right anterior oblique projection with use of 
a long axis (mitral-aortic junction to apex) with three per- 
pendicular, equidistant chords, measuring the diameter at 
the base, middle and apex of the left ventricle (15). To 
reduce variability in the measurement of regional left ven- 
tricular wall motion, the total axis was selected instead of the 
hemiaxis. Raw data were filtered with the fifth grade moving 
average (13,14), and diastolic lengthening rate was calcu- 
lated by a third degree polynominal function. The segmental 
length of each chord was normalized by end-diastolic length 
at rest. The highest lengthening rate occurring early in 
diastole was termed the peak lengthening rate and was 
normalized by end-diastolic length. Fractional shortening 
was calculated as a percent of end-diastolic chord length. 
As a simple estimate of regional stiffness, the index of AP 
(defined as end-diastolic pressure minus the lowest diastolic 
pressure) divided by % length (defined as % length at 
end-diastole minus % length at the lowest diastolic pressure) 
was calculated (16). Apical segments were used for compar- 
isons between the control group (n = 9) and the ischemia 
group (n = 12) because all apical segments in the ischemia 
group had new regional wall motion abnormalities. Further- 
more, in five patients in the ischemia group, the basal 
segment that showed no deterioration in shortening during 
exercise was selected as a normal (nonischemic) segment 
and was compared with the apical ischemic segment. 
Statistics. Results are presented as group means ? 1 SD 
or ? 1 SE as indicated. Comparisons of data in response to 
exercise between the normal group and the group with 
exercise-induced ischemia or between normal and ischemic 
segments in patients with exercise-induced ischemia were 
performed by a two-way analysis of variance. The level of 
statistical significance was p < 0.05. 
Results 
Clinical data for the 9 control subjects and 12 patients 
with coronary artery disease are shown in Table 1. 
Left ventricular pressure and volume data (Table 2). 
Heart rate increased to a similar degree during supine 
bicycle exercise in both groups. Left ventricular systolic 
pressure increased slightly in the control group, whereas it 
remained unchanged in the group with ischemia during 
exercise. End-diastolic pressure was unchanged in the con- 
trol group but with a significant decrease in the lowest 
diastolic pressure, whereas in the group with ischemia, both 
pressures increased markedly during exercise. Right atria1 
pressure remained unchanged during exercise in both 
groups. 
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NORMAL ISCHEMIA 
Figure 1. Left ventricular (LV) diastolic pressure- 
volume relation in 9 control subjects (left) and 12 pa- 
tients with exercise-induced ischemia (right). Closed and 
open circles represent, respectively, conditions at rest 
(REST) and during exercise (EX). Coordinates of pres- 
sure and volume are averaged at four reference points: 
the mitral valve opening (MVO), the lowest diastolic 
pressure (PJ, mid-diastole (MID) and end-diastole 
(ED). n = number of subjects: SE = standard error of 
the mean. 
n=9 I 
-40 
I" 
tm 
i) EX 
0 
4’0 
End-diastolic volume remained unchanged during supine 
bicycle exercise in both groups. However, end-diastolic 
volume was significantly larger during exercise in the isch- 
emia group compared with the control group. End-systolic 
volume decreased significantly in the control group and 
increased in the ischemia group. Stroke volume and ejection 
fraction increased in the control group, whereas in the 
ischemia group, both decreased significantly during exer- 
cise. The time constant of relaxation was shortened in both 
groups during exercise, but to a lesser extent in the ischemia 
group. The number of time constants elapsed at the lowest 
diastolic pressure increased in the control group. whereas in 
the ischemia group, it decreased significantly during exer- 
cise, suggesting more complete relaxation in control subjects 
and incomplete relaxation or asynchrony in patients with 
myocardial ischemia. 
Diastolic pressure-volume relations (Fig. 1). In the control 
group, the lowest diastolic pressure decreased during exer- 
cise, with a significant increase in volume. Both left ventric- 
ular end-diastolic pressure and volume remained unchanged 
during exercise, whereas the pressure-volume curve showed 
a downward shift and an increase in slope during exercise. 
However, in the ischemia group, the lowest diastolic and 
end-diastolic pressures increased significantly with a signif- 
icant increase in volume. Mid-diastolic volume at rest was 
not significantly different from volume at the lowest diastolic 
pressure during exercise (84 versus 82 ml/m2, respectively), 
whereas the lowest diastolic pressure was significantly 
higher than mid-diastolic pressure at rest (22 versus 14 mm 
Hg, respectively, p < 0.001). Thus, the pressure-volume 
curve showed an upward and rightward shift. 
Regional Left Ventricular Function 
Control versus &hernia group (Table 3). Apical segments 
in the control group were compared with apical segments in 
the group with exercise-induced ischemia because all apical 
segments in the ischemia group had new regional wall 
motion abnormalities. In control subjects, end-diastolic 
length remained unchanged during exercise with a mild 
increase in percent fractional shortening (p < 0.05), whereas 
in the ischemia group, fractional shortening significantly 
6b 80 Id0 
LV VOLUME (ml/m21 
MID 0 REST 
pt ‘-1 EX 
40 60 80 100 
LV VOLUME (ml/m2) 
decreased. Peak lengthening rate increased significantly (p < 
O.OOl), and regional stiffness was slightly higher during 
exercise in the control group, whereas in the ischemia group, 
both end-diastolic and end-systolic length increased signifi- 
cantly and percent fractional shortening decreased markedly 
during exercise (p < 0.001). Regional stiffness index in- 
creased during exercise in both groups, but was significantly 
higher in the ischemia group than in the control group. 
Diastolic pressure-length relations (Fig. 2). In the control 
group, the pressure-length (apical segment) curve showed a 
downward shift and an increase in slope during exercise, 
whereas in the group with ischemia, at mid- and end- 
diastole, the pressure-length (apical segment) curve moved 
to a higher portion of the rest curve. In the ischemia group, 
the lengths at the lowest diastolic pressure during exercise 
and mid-diastole at rest were not significantly different (95 
versus 93%, respectively), whereas the pressure was signif- 
icantly higher during exercise than at rest (22 versus 14 mm 
Hg, respectively, p < 0.001). Thus, the ischemic segment 
was shifted upward only in early diastole. 
Normal versus ischemic segments in the group with exer- 
cise-induced ischemia (Fig. 3). To assess the effects of exer- 
cise-induced ischemia on regional function, two repre- 
sentative segments were selected in five patients from the 
group with exercise-induced ischemia (Cases 2 to 6). These 
patients showed no deterioration in regional wall motion in 
the basal segment during exercise. The five basal segments 
were, therefore, considered to represent a normal (nonisch- 
emit) segment in patients with exercise-induced ischemia, 
whereas the apical segment represented the ischemic seg- 
ment. In the nonischemic segment of these five patients, 
end-diastolic length and percent fractional shortening in- 
creased slightly but not significantly during exercise, 
whereas peak lengthening rate increased significantly (from 
3.2 to 4.5 end-diastolic lengths/s, p < 0.05); however, the 
regional stiffness index remained unchanged. In the ischemic 
segments of these five patients, end-diastolic length in- 
creased significantly (from 100% to 108%, p < 0.05) and 
percent fractional shortening decreased markedly (from 34% 
to 23%, p < 0.01) during exercise. Peak lengthening rate 
remained unchanged during exercise and was significantly 
lower in ischemic than nonischemic segments (2.4 versus 
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Table 3. Regional Ventricular Function During Exercise 
F’t No. EDL ESL FS %FS PLR RS 
A. Normal Subjects (apical segment) 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Mean 2 SD 
Rest 
4.9 3.5 1.4 29 1.3 0.3 
4.5 2.6 1.9 42 2.0 0.4 
4.2 2.3 1.9 45 1.9 0.2 
4.9 2.8 2.1 43 2.0 0.6 
4.5 2.8 1.7 38 1.8 0.4 
4.5 2.7 1.8 40 2.7 0.6 
5.0 2.8 2.2 44 1.9 0.3 
5.5 3.1 2.4 44 4.3 0.5 
4.4 2.6 1.8 41 1.9 0.3 
4.8 2.8 2.0 42 4.6 0.9 
4.1 3.1 1.6 34 1.7 0.5 
4.9 3.0 1.9 39 2.9 1.4 
4.2 2.4 1.8 43 1.9 0.4 
3.9 2.2 1.7 44 2.2 0.8 
4.1 2.5 1.6 39 2.1 0.8 
3.9 2.3 1.6 41 3.9 0.8 
4.4 2.8 1.6 36 1.8 0.5 
4.6 2.4 2.2 48 3.9 1.2 
4.5 2.8 1.7 39 1.8 0.4 
50.3 to.4 20.2 ?5 20.2 20.2 
4.6* 2.7* 2.0t 43t 3.2$ 0.8t 
e0.5 +0.3 20.3 23 21.0 io.3 
Ex 
B. lschemic Group (apical ischemic segment) 
11 
12 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Rest 
Ex 
Mean * SD 
Rest 
5.0 3.5 1.5 31 2.2 0.8 
5.3 4.1 1.2 22 2.4 3.0 
4.8 2.8 2.0 42 2.1 0.9 
4.8 3.6 1.2 25 2.4 1.2 
5.3 3.2 2.1 40 2.5 1.0 
5.7 4.5 1.0 21 2.6 1.1 
4.2 3.1 1.1 26 2.5 0.2 
4.8 3.8 1.0 20 2.3 1.3 
4.7 3.3 1.4 30 1.9 0.4 
5.0 3.8 1.2 25 2.1 1.7 
4.2 2.8 1.4 32 2.4 1.1 
4.4 3.4 1.0 23 2.5 2.0 
4.2 1.9 2.3 54 3.0 0.6 
4.8 2.9 1.9 40 3.1 0.9 
4.1 2.6 2.1 46 1.9 0.3 
5.1 3.8 1.3 26 2.1 1.3 
5.0 3.6 1.4 28 1.8 1.0 
5.1 3.8 1.3 25 2.5 2.0 
4.3 3.0 1.3 30 1.3 0.6 
4.8 3.5 1.3 27 1.9 1.2 
5.0 3.2 1.8 36 2.4 0.7 
5.1 3.9 1.2 24 2.1 2.4 
4.5 2.4 2.1 47 2.3 0.5 
4.9 3.7 0.8 16 2.0 1.2 
4.1 3.0 1.7 37 2.2 0.7 
20.4 20.5 20.4 +9 20.4 20.3 
5.0f 3.7t 1.28 25$ 2.3* 1.6$ 
20.3 20.4 20.3 +6 20.3 20.6 
Ex 
Control vs. ischemia group 
Rest vs. rest 
Ex vs. ex 
* 
$ 
* 
5 
* 
$ 
* 
t 
* * 
$ t 
*p = NS rest versus exercise; tp < 0.05 rest versus exercise; $p c 0.001 rest versus exercise; 8p < 0.001 rest versus exercise. EDL = end-diastolic segmental 
length (cm); ESL = end-systolic segmental length (cm); Ex = exercise; FS = fractional shortening (cm); %FS = percent fractional shortening; PLR = normalized 
peak lengthening rate (EDLls); RS = regional stiffness index (mm Hg/% L); SD = standard deviation; other abbreviations as in Table 2. 
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Figure 2. Left ventricular (LV) diastolic pressure- 
length (% length) relation in 9 control subjects (left) and 
12 patients with exercise-induced ischemia (right) ob- 
tained with use of the apical (ischemic) segment. Closed 
and open circles represent, respectively, conditions at 
rest (REST) and during exercise (EX). Coordinates of 
pressure and length are averaged at four reference 
points, as in Fig. 1. SEM = standard error of the mean; 
other abbreviations as in Figure 1. 
NORMAL ISCHEMIA 
n=9 n=12 
40- 40. 
0, 0, 
70 80 90 100 110 70 80 90 100 110 
% LENGTH ,%, % LENGIH ,Y, 
/ 
4.5 end-diastolic lengths/s, p < 0.001). Regional stiffness 
index increased significantly during exercise in ischemic 
segments. 
Diastolic pressure-length relations in normal versus isch- 
emit segments (Fig. 4 and 5). In the five patients with a 
nonischemic (basal) and an ischemic (apical) segment during 
exercise-induced ischemia, the length of the nonischemic 
segment was significantly smaller at the lowest diastolic 
pressure during exercise than in mid-diastole at rest (86% 
versus 96%, respectively, p < 0.05), whereas in the ischemic 
segment, both lengths showed no significant difference (94% 
versus 94%, respectively). The lowest diastolic pressure 
during exercise was significantly higher than mid-diastolic 
pressure at rest (21 versus 13 mm Hg, respectively, p < 
0.01). Thus, in early diastole in both ischemic and nonische- 
mic segments, the pressure-length curve is shifted upward in 
patients with exercise-induced ischemia. At mid- to end- 
diastole, nonischemic and ischemic segments move to a 
higher portion of the rest pressure-length curve without an 
upward shift under exercise conditions, but during early 
diastolic filling, an upward shift is seen mainly in nonische- 
mic segments. 
Discussion 
Regional dysfunction of the left ventricle during ischemia 
has been described in both experimental and clinical studies 
(5-7). However, the reported effects of ischemia on global or 
regional left ventricular diastolic properties are still contro- 
versial. The effects of acute ischemia on diastolic properties 
of the left ventricle during dynamic exercise or pacing- 
induced tachycardia have been studied in patients with coro- 
nary artery disease. In most of these studies (2,3,17), diastolic 
pressure-volume curves were shifted upward during ische- 
mia. Recently, Sasayama et al. (5) showed that the net 
changes in left ventricular global chamber compliance are 
determined by a complex interaction of changes during pac- 
ing-induced ischemia in regional pressure-length relations of 
the ischemic and nonischemic myocardium. Immediately 
after rapid pacing, the diastolic pressure-length relation of the 
ischemic segment is shifted upward, whereas the pressure- 
length relation of the nonischemic segment moves to a higher 
portion of the rest pressure-length relation. These data sug- 
gest that the ischemic myocardium changes its diastolic 
distensibility during pacing-induced ischemia. 
Similar changes have been reported (6,7) after pacing- 
induced tachycardia in dogs with fixed coronary stenoses. 
In these studies, the diastolic pressure-segment length 
curve of the ischemic region was shifted upward during 
ischemia, and this upward shift was potentiated by caffeine 
infusion (6). Previously, we described (17) the effect 
of dynamic exercise on left ventricular diastolic function. 
That study emphasized exercise-induced changes in dia- 
stolic function, with an upward shift of the diastolic pres- 
sure-volume curve in patients with exercise-induced 
ischemia. 
Pacing- Versus Exercise-Induced Ischemia 
Previous studies. Changes in diastolic pressure-length 
relations during exercise-induced ischemia are quite dif- 
ferent from those reported during pacing-induced ischemia. 
The precise mechanism that explains these differences is not 
known. Exercise is, however, a much stronger and more 
physiologic stress for the heart than is pacing, and, there- 
fore, cardiac output increases more during exercise than 
during pacing. Thus, for a given coronary stenosis, exercise 
is associated with more severe ischemia than is pacing. 
Tomoike et al. (l&19) reported regional myocardial function 
during both exercise and rapid pacing in conscious dogs with 
a critical coronary stenosis. During atria1 pacing, ischemic 
segment length at end-diastole decreased slightly and re- 
turned to control after cessation of pacing, whereas systolic 
shortening was markedly depressed and end-diastolic pres- 
sure was increased, suggesting an upward shift of the pres- 
sure-length relation during pacing-induced ischemia. During 
dynamic exercise, end-diastolic length and pressure in- 
creased significantly, suggesting an upward and rightward 
shift of the pressure-length relation. This increase in end- 
diastolic length is probably related to a creep phenomenon, 
with dyskinetic wall motion in the ischemic region (20-22). 
In the present study, end-diastolic segmental length in- 
1068 NONOGI ET AL. JACC Vol. 13, No. 5 
PRESSURE-LENGTH RELATION DURING ISCHEMIA April 1989: 1062-70 
Normal Segment lschemic Segment 
(ll=5) (n-5) 
EDL 
ho 05 
0 
Rest Ex Rest Ex 
fl 
P<O.Ol 
&* 
Rest Ex Rest Ex 
PLR 
lEDL/sJ 
4.0 
NS 
2.0 *** 
0 
Rest Ex Rest Ex 
RS 
(aP/a%L) 
c 
NS P<O.Ol 
2.0 2.0 
Rest Ex Rest Ex 
* k0.05 Normal vs. lschemia 
*** Pa001 
Figure 3. Effects of exercise on regional function in five patients 
with exercise-induced ischemia. Normalized end-diastolic length 
(EDL) increased significantly in the ischemic segment (right) during 
exercise (Ex) and percent fractional shortening (%FS) decreased 
markedly. Normalized peak lengthening rate (PLR) increased sig- 
nificantly in the nonischemic segment (left), but remained un- 
changed in the ischemic segment. Regional stiffness index (RS) 
increased significantly in the ischemic segment. NS = not signifi- 
cant; SD = standard deviation. 
creased in the ischemic region, but no dyskinetic wall motion 
was observed during exercise, suggesting that these seg- 
ments retain some residual contractile function. The Frank- 
Starling mechanism has been demonstrated to be active, 
even in the ischemic region with very high end-diastolic 
pressures (23). 
During pacing-induced ischemia, pressure-length curves 
shifted upward without an increase in end-diastolic length 
(5-7,19). However, there was an interaction between the 
maintenance of systolic performance during pacing-induced 
ischemia and the direction of shifts in the diastolic pressure- 
length relation (24). When systolic performance was pre- 
served, the diastolic pressure-length relation showed a ver- 
tical upward shift, but the diastolic pressure-length relation 
shifted both upward and rightward when systolic perfor- 
mance deteriorated (24). Momomura et al. (7) showed serial 
changes in pressure-length relations in the postpacing state: 
from the first to the fifth beat after pacing was stopped, the 
pressure-length relation shifted upward with a rightward 
displacement; during the next 30 s, the pressure-length 
relation showed an upward shift, and then gradually returned 
to the control state over the next 60 s. 
In the nonischemic segment, end-diastolic length was not 
changed during both exercise and pacing-induced ischemia 
in the study of Tomoike et al. (18,19). The increase in 
end-diastolic pressure was small during pacing-induced 
ischemia (from 10 to 13 mm Hg). In contrast, in the clinical 
study of Sasayama et al. (5), end-diastolic pressure increased 
moderately and was accompanied by a significant increase in 
end-diastolic length of the nonischemic segment. In our 
present study, the increase in end-diastolic pressure was 
quite large during exercise-induced ischemia (from 24 to 40 
mm Hg, p < 0.001) with mild but nonsignificant increases in 
end-diastolic length and percent shortening in the nonische- 
mic segment, suggesting some use of the Frank-Starling 
mechanism (25). 
The present study. In our patients with coronary artery 
disease, the ischemic segment moved to a steeper portion of 
the rest pressure-length curve during exercise, but deviated 
from the rest curve in early diastole probably because of 
incomplete relaxation (Fig. 4 and 5). In the nonischemic 
segment, an even more marked deviation from the rest 
curve occurred in early diastole, probably as a result of an 
increase in viscous forces with increased filling rate at 
a high driving pressure during exercise (26,27). Regional 
lengthening rates in the nonischemic segments (Fig. 3) 
were even higher than in the control segments (Table 3A) 
because of the high driving pressure at mitral valve opening 
(Fig. 4 and 5). The upward shift of the ischemic regional 
pressure-length relation is time dependent and is observed 
only during early diastolic filling, whereas the global pres- 
sure-volume curve shows a parallel upward shift that is 
present during the entire diastolic filling period. The shift 
of the global pressure-volume curve is the result of all 
individual changes of the regional pressure-length relations 
in both the right and the left anterior oblique projections. 
Thus, it is evident that there may be differences between the 
stiffness of the pressure-volume relation during ischemia and 
that of the pressure-length relation of the apical (ischemic) 
segment evaluated in the right anterior oblique projection. 
Furthermore, utilization of the Frank-Starling mechanism 
in both the nonischemic and ischemic regions appears to be 
necessary to compensate for the depressed systolic function 
during exercise-induced ischemia. High filling pressures are 
required to compensate for the enhanced viscous forces in 
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Figure 4. Left ventricular (LV) pressure-length relation 
in a patient (Case 3) with a nonischemic (left) and 
ischemic (right) segment. During exercise (EX)-induced 
ischemia. both the nonischemic and ischemic segment 
lengths are shifted upward on the same pressure-length 
relation but, during early diastolic filling, deviations 
from the rest pressure-length relation are seen mainly in 
the nonischemic segment. Mitral valve opening (MVO). 
the lowest diastolic pressure (P,), mid-diastole (MID) 
and end-diastole (ED) are indicated by arrows. 
the nonischemic regions and for the increased 
stiffness of the ischemic regions. 
p%kEGMENT ED 
regional 
Methodologic Considerations 
Regional function. Sheehan et al. (28) reported variabili- 
ties affecting the quantification of regional wall motion from 
left ventriculograms. Realignment to correct for cardiac 
rotation significantly increased variabilities, especially at the 
ventricular apex. Therefore, in the present study, regional 
function was assessed from total axes instead of using 
hemiaxes to reduce the sampling error induced by the 
realignment. All 12 patients had new wall motion abnormal- 
ities in both anteroapical and inferoapical regions during 
exercise. Our method is relatively simple and is based on the 
assumption that the reference point is approximately the 
same during systole and diastole. Unfortunately, no quanti- 
tative approach for regional wall motion analysis has been 
generally accepted (29,30). However, in the present study, 
the data for normal subjects and patients with ischemia were 
compared with use of the same technique; thus, the ob- 
served differences can be considered as being repre- 
sentative. For illustrative purposes and statistical compari- 
sons, three reference points were used to assess regional and 
global function during diastolic filling, namely, the pressure- 
length or pressure-volume relations at the lowest diastolic 
pressure and at mid- and end-diastole. This method is 
somewhat crude, but it allows an intergroup comparison of 
several patients that would not have been possible on the 
/ 
ISCHEMIC SEGMENT 
MVO 
ED 
1 
kl ,O 
\ 
ED 
*/ 
. REST 
basis of each individual pressure-segment length or pressure- 
volume curve. 
Regional stiffness. To assess regional stiffness, the stress- 
strain relation of the ischemic region is necessary. However, 
it is difficult to obtain precise changes in the local radii of 
curvature and in regional wall thickness during ischemia in 
clinical studies. Therefore, the pressure-normalized length 
relations were used in the present study. Visner et al. (20) 
showed that regions of the left ventricle may appear to 
become more compliant during ischemia rather than less 
compliant when segment lengths are not normalized for the 
reference length at transmural pressure of zero. However, in 
human patients, it is not possible to obtain the true segment 
length at a transmural pressure of zero during cardiac 
catheterization. Therefore, interpatient and intersegment 
comparison were carried out by normalization of segment 
length with use of the length at rest. Regional diastolic 
stiffness was assessed by the index of AP divided by % length 
from the timing at the lowest pressure to end-diastole. This 
technique, while simple, avoids many assumptions implicit in 
assuming a monoexponential diastolic pressure-length rela- 
tion and avoids errors in curve-fitting during exercise by using 
few points in pressure-length plots (sampling time 20 ms). 
Conclusions. In patients with coronary artery disease, 
the pressure-length relation of both the ischemic and non- 
ischemic segments is shifted upward in early diastole during 
exercise-induced ischemia, whereas it is shifted downward 
in control subjects. At mid- to end-diastole, nonischemic and 
ischemic segments move to a higher portion of the rest 
NORMAL SEGMENT (n=5) ISCHEMIC SEGMENT (n=5) 
Figure 5. Left ventricular (LV) diastolic pressure- g40- 0 
length (% length) relation in five patients with exercise E 
to+ 40- +,SE a a 
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m 
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rM 
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pressure-length curve without evidence of an upward shift 
during exercise-induced ischemia. There is an increase in 
regional stiffness only in the ischemic segment, which might 
represent true changes in intrinsic elastic properties of 
ischemic myocardium (20-22). 
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